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ABSTRACT: The 2D heterometallic sodium−palladium(II)
coordination polymers with 2-halonicotinates [2-chloropyridine-
3-carboxylate (2-chloronicotinate), 2-Clnic− and 2-bromopyridine-
3-carboxylate (2-bromonicotinate), 2-Brnic−], {[Na2(H2O)2(μ-
H2O)4PdCl2(μ-2-Clnic-N:O′)2]}n (1), and {[Na2(H2O)2(μ-
H2O)4PdBr2(μ-2-Brnic-N:O′)2]·2H2O}n (2) were prepared in
aqueous solutions under the presence of NaHCO3, while
palladium(II) monomers with the neutral 2-chloronicotinic and
2-bromonicotinic acid ligands, [PdCl2(2-ClnicH-N)2]·2DMF (3)
and [PdCl2(2-BrnicH-N)2]·2DMF (4), were prepared in DMF/
water mixtures (DMF = N,N′-dimethylformamide). The zigzag
chains of water-bridged sodium ions are in turn bridged by
[PdCl2(2-Clnic)2]2− moieties in 1 or by [PdBr2(2-Brnic)2]2−

moieties in 2, leading to the formation of the infinite 2D coordination networks of 1 or 2. The DFT calculations showed the
halosubstituents type (Cl vs Br) does not have an influence on the formation of either trans or cis isomers. The trans isomers were
found in all reported compounds; being more stable for about 10 to 15 kJ mol−1. The 2D coordination networks 1 and 2 are more
stabilized by the formation of Na−Ocarboxylate bonds, comparing to the stabilization of palladium(II) monomers 3 and 4 by hydrogen-
bonding with DMF molecules. The difference in DFT calculated energy stabilization for 1 and 2 is ascribed to the type of
halosubstituents and to the presence/absence of lattice water molecules in 1 and 2. The compounds show no antibacterial activity
toward reference strains of Escherichia coli and Staphylococcus aureus bacteria and no antiproliferative activity toward bladder (T24)
and lung (A549) cancer cell lines.

1. INTRODUCTION
Palladium(II) coordination compounds often show pro-
nounced biological properties, e.g., antitumor activity resem-
bling cisplatin.1,2 These complexes are usually kinetically more
labile than their platinum(II) analogues in aqueous solutions,3

causing their hydrolysis to be faster and enabling the
hydrolyzed complexes to be more efficient in reaching
pharmacological targets.4,5 Hence, palladium(II) complexes
could be better models for studying their interactions with the
biologically important ligands in vivo. These interactions with
target molecules, e.g., tumor DNA, are crucial for the successful
antitumor activity of palladium(II) complexes.4 It is believed
that a cis−trans isomerization of palladium(II) complexes in
solution, promoted by a fast palladium(II) hydrolysis, hinders
the antitumor efficiency of the usually active cis isomers.6

Therefore, the synthetic protocols that would prevent
palladium(II) complexes isomerization by the introduction of
a strongly coordinated N atom from the main ligand (e.g.,
nicotinate) and an appropriate leaving group (e.g., halide ion)
are of an increasing interest.6 The coordinating ability of a

donor N atom can be tuned by an induction of various
electron-accepting or electron-donating substituents to the
backbone of the main ligand (e.g., nicotinate pyridine ring).
Heterometallic coordination polymers are an emerging class

of compounds due to their enhanced properties and
functionalities.7 These coordination polymers contain different
metal ions in a single framework, producing new cooperative
and synergistic effects on their properties8−12 and leading to
new applications, e.g., as heterogeneous catalysts in various
organic reactions,13,14 as luminescent compounds,15 as
heterogeneous electrocatalysts in reactions producing hydro-
gen and oxygen, in oxygen and carbon dioxide reduction, in
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various organic transformations, and in water splitting
reactions.16−24 In particular, palladium(II) coordination
polymers and MOFs showed to be efficient catalysts for
various reactions, probably due to a good dispersion of
coordinatively unsaturated palladium(II) ions within the
respective structures, increasing the catalytic activity.25−27

The heterometallic coordination polymers are also often used
as precursors in the production of inorganic materials, e.g.,
various mixed-metal oxides, by precursors decomposition at
high temperatures.28−30

The heterometallic sodium−palladium(II) coordination
polymers with tridentate and chelating N-isopropyliminodia-
cetate and N-tert-butyliminodiacetate have been studied
previously.31 Both these ligands are coordinated to palladium-
(II) ions in a N,O,O′-tridentate fashion, while to sodium ions
via other carboxylate O atoms, not coordinated to palladium-
(II) ion. It seems the N-isopropyl and N-tert-butyl substituents
affect the dimensionality of the coordination polymers. The
coordination polymer with N-isopropyliminodiacetate is 2D
and the polymer with N-tert-butyliminodiacetate is 1D, most
probably due to the bulkiness of the N-tert-butyl substituent.31

The heterometallic alkali metal ion−palladium(II) coordina-
tion polymers with pyridinedicarboxylate are quite scarce in
the literature. Only two such coordination polymers are
known, e.g., sodium−palladium(II) polymer with pyridine-2,6-
dicarboxylate32 and potassium−palladium(II) polymer with
pyridine-2,3-dicarboxylate.33 These two coordination polymers
are rather similar; both pyridinedicarboxylates act as bidentate
and bridging ligands via one of their carboxylate groups while
the other is coordinated to the respective alkali metal ions,
leading to the formation of 2D coordination networks.32,33 The
potassium−palladium polymer with pyridine-2,3-dicarboxylate
exhibits good cytotoxic and antiproliferative activity in vitro
toward various human tumor cells by cleaving the plasmid
DNA of tumor cells.33

Our goal was to prepare heterometallic sodium−palladium-
(II) coordination polymers by using structurally simpler
ligands than the said pyridinedicarboxylic acids, e.g., mono-
carboxylic 2-halonicotinic acids [2-chloropyridine-3-carboxylic
(2-chloronicotinic) acid, 2-ClnicH and 2-bromopyridine-3-
carboxylic (2-bromonicotinic) acid, 2-BrnicH]. These ligands
definitely cannot act as either bidentate and chelating (similar
to pyridinedicarboxylates) or tridentate and chelating (similar
to iminodiacetates), but exhibit solely a bridging potential via
pyridine N and carboxylate O atoms. According to the hard−
soft acid−base (HSAB) principle,34 it is expected that N atoms
will be coordinated to palladium(II) ions and O atoms to
sodium ions. Since the halonicotinates can coordinate to
palladium(II) ion only monodentately via N atom, the
anticipated square-planar palladium(II) coordination environ-
ment will be probably completed by chloride ions (a suitable
leaving group). Such coordination environment, preventing
possible cis−trans isomerization upon hydrolysis in the
aqueous solutions, makes these palladium(II) compounds to
be ideal candidates for studying antitumor activity. Further-
more, we wanted to explore experimental conditions under
which these sodium−palladium(II) coordination polymers can
be obtained, e.g., in aqueous solution in the presence of a base,
e.g., sodium bicarbonate or in the mixture of DMF and water.
The carboxylic group will certainly deprotonate in the presence
of the base and likely not deprotonate in the DMF/water
mixture. Thus, we wanted to check if the halonicotinic acid/
halonicotinate equilibrium has any effect on the formation of

the desired coordination polymers. Lastly, we wanted to study
the effect of the halosubstituent type (chloride vs bromide) in
the same position (2-) on the pyridine ring, not only on the
ability of the formation of the desired coordination polymers,
but also on their dimensionality (1D vs 2D polymers). Since
the antitumor properties of palladium(II) coordination
compounds usually depend on the cis or trans arrangement
of ligating atoms around palladium(II) ions, we wanted to
determine if the choice of the halosubstituents type has any
effect on the preferred formation of either cis or trans isomers,
related to the potential antitumor activity.
In line with the stated objectives, we have prepared 2D

heterometallic sodium−palladium(II) coordination polymers
with 2-halonicot inates (2-Clnic− and 2-Brnic−) ,
{[Na2(H2O)2(μ-H2O)4PdCl2(μ-2-Clnic-N:O′)2]}n (1) and
{[Na2(H2O)2(μ-H2O)4PdBr2(μ-2-Brnic-N:O′)2]·2H2O}n (2),
and palladium(II) monomers with the neutral 2-chloronico-
tinic and 2-bromonicotinic acid ligands, PdCl2(2-ClnicH-N)2]·
2DMF (3) and [PdCl2(2-BrnicH-N)2]·2DMF (4). The
experimental findings were rationalized by DFT calculations.
The antibacterial properties of all the compounds were tested
against Gram-negative and Gram-positive bacteria whereas
antitumor activity was assessed against bladder and lung cancer
cell lines.

2. EXPERIMENTAL SECTION
2.1. Materials and Physical Measurements. The

commercially available chemicals used for the syntheses were
of a reagent grade, used as received from commercial sources
Alfa Aesar, Sigma-Aldrich or TCI Europe N. V. and were not
purified further. The CHN elemental analyses were carried out
with a PerkinElmer 2400 Series II CHNS analyzer in the
Analytical Services Laboratories of the Ruđer Bosǩovic ́
Institute, Zagreb, Croatia. The IR spectra (Figures S1−S4)
were obtained from KBr pellets in the range 4000−400 cm−1

on a Bruker Alpha II FT-IR spectrometer. The solution-state
NMR spectra (Figures S5−S16) were recorded on a Bruker
Avance III HD 400 MHz NMR spectrometer at 25.0 °C.
DMSO-d6 was used as solvent and TMS as an internal
standard for chemical shifts. The NMR spectra of free ligands
2-BrnicH and 2-ClnicH were recorded for comparison with
chemical shifts of coordinated ligands in compounds 1−4.
Thermogravimetric analysis was performed using a simulta-
neous TGA/DSC analyzer Mettler-Toledo TGA/DSC 3+. The
samples of compounds 1−4 were placed in alumina pans (70
μL), heated in flowing nitrogen (50 mL min−1) from room
temperature up to 1000 °C at a rate of 10 °C min−1. Data
collection and analysis were performed using the program
package STARe Software 15.01 MettlerToledo GmbH, 2015.
Powder X-ray diffraction experiments (PXRD) were measured
on a Malvern Panalytical Aeris XRD diffractometer with Cu
Kα (1.5406 Å) radiation, Ni filter, and solid-state PIXcel1D-
Medipix3 detector. Samples were prepared as a thin layer on a
silicon zero-background plate. Data were collected in the 2θ
range from 5 to 40° with a step size of 0.02173°, scan rate 10
s/°, 1/4 in. divergence slit and 13 mm beam mask.
2.2. Syntheses. 2.2.1. {[Na2(H2O)2(μ-H2O)4PdCl2(μ-2-

Clnic-N:O′)2]}n (1). 2-Chloropyridine-3-carboxylic acid
(0.0500 g, 0.3174 mmol) was dissolved in 2 mL of distilled
water, sodium tetrachloropalladate(II) (0.0474 g, 0.1611
mmol) was dissolved in 1 mL of distilled water, and sodium
bicarbonate (0.0477 g, 0.5678 mmol) was dissolved in 1 mL of
distilled water. The solutions of 2-chloropyridine-3-carboxylic
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acid and sodium bicarbonate were mixed and then slowly
added to the sodium tetrachloropalladate(II) solution and
stirred. The resulting solution was left to slowly evaporate at
room temperature for a month. The obtained yellow crystals
were collected by filtration, washed with water, and dried in air.
Yield: 0.0304 g (29%, based on Na2PdCl4). Anal. Calcd for
C12H18PdCl4Na2N2O10: C, 22.36; H, 2.82; N, 4.35. Found: C,
22.24; H, 2.85; N, 4.40.
IR (KBr pellet, cm−1): 3494(m), 3300(w), 3213(w),

3062(w), 1723(w), 1658(m), 1612(s), 1583(m), 1449(w),
1411(m), 1389(s), 1248(w), 1225(w), 1174(w), 1137(w),
1109(w), 1064(w), 865(w), 834(w), 783(w), 747(w), 698(w),
669(w), 557(w), 541(w), 510(w), 483(w), 450(w), 411(w).

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.20 (dd, 1H, J =
4.7 and 2.0 Hz, H6), 7.74 (dd, 1H, J = 7.4 and 1.8 Hz, H4),
7.29 (dd, 1H, J = 7.4 and 4.7 Hz, H5).

13C NMR (DMSO-d6, 100 MHz): δ (ppm) 168.6 (C7),
147.4 (C6), 146.7 (C2), 139.3 (C3), 137.6 (C5), 123.1 (C4).
2.2.2. {[Na2(H2O)2(μ-H2O)4PdBr2(μ-2-Brnic-N:O′)2]·2H2O}n

(2). The similar procedure was employed as for the preparation
of 1; 2-bromopyridine-3-carboxylic acid (0.0495 g, 0.2450
mmol), sodium tetrachloropalladate(II) (0.0375 g, 0.1275
mmol), and sodium bicarbonate (0.0516 g, 0.6142 mmol)
were used. Yield: 0.0257 g (23%, based on Na2PdCl4). Anal.
Calcd for C12H22PdBr4Na2N2O12: C, 16.79; H, 2.59; N, 3.26.
Found: C, 16.62; H, 2.63; N, 3.31.
IR (KBr pellet, cm−1): 3475(s), 3243(m), 3061(m),

2257(w), 2122(w), 1982(w), 1776(w), 1657(m), 1610(s),
1579(m), 1447(w), 1392(s), 1244(w), 1218(w), 1170(w),
1127(w), 1098(m), 1053(w), 994(w), 863(w), 829(w),
780(m), 723(m), 694(m), 669(m), 599(w), 521(w), 418(w).

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.15 (dd, 1H, J =
4.6 and 1.9 Hz, H6), 7.64 (d, 1H, J = 7.4 Hz, H4), 7.30 (dd,
1H, J = 7.4 and 4.7 Hz, H5).

13C NMR (DMSO-d6, 100 MHz): δ (ppm) 169.1 (C7),
147.8 (C6), 142.3 (C2), 138.5 (C3), 136.9 (C5), 123.3 (C4).
2.2.3. [PdCl2(2-ClnicH-N)2]·2DMF (3). 2-Chloropyridine-3-

carboxylic acid (0.2004 g, 1.2720 mmol) was dissolved in 3 mL
of N,N′-dimethylformamide and sodium tetrachloropalladate-
(II) (0.1866 g, 0.6342 mmol) was dissolved in 3 mL of
distilled water. The solution of 2-chloropyridine-3-carboxylic
acid was slowly added to the sodium tetrachloropalladate(II)
solution and stirred. The resulting solution was left to slowly
evaporate at room temperature for 1 day. The obtained yellow

precipitate was collected by filtration, washed with the DMF/
water mixture (1:1, V/V), and dried in air. Yield: 0.2942 g
(73%, based on Na2PdCl4). Anal. Calcd for C18H22PdCl4N4O6:
C, 33.85; H, 3.48; N, 8.78. Found: C, 33.76; H, 3.52; N, 8.83.
IR (KBr pellet, cm−1): 3475(m), 3430(m), 3087(w),

3066(w), 3001(w), 2963(w), 2926(w), 2800(w), 2637(w),
2521(w), 2236(w), 1919(w), 1707(s), 1625(m), 1585(s),
1478(w), 1411(s), 1371(m), 1291(s), 1162(w), 1105(m),
1067(w), 1013(w), 863(w), 832(m), 765(m), 731(w),
677(m), 564(w), 503(w), 485(w), 411(w).

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.55 (d, 1H, J =
3.2 Hz, H6), 8.22 (d, 1H, J = 6.8 Hz, H4), 7.95 (s, 1H, CH-
DMF), 7.54 (dd, 1H, J = 7.4 and 4.8 Hz, H5), 2.89 (s, 3H,
CH3-DMF), 2.73 (s, 3H, CH3-DMF).

13C NMR (DMSO-d6, 100 MHz): δ (ppm) 166.2 (C7),
162.8 (CH-DMF), 152.2 (C6), 148.2 (C2), 140.5 (C5), 128.6
(C3), 123.6 (C4), 36.3 (CH3-DMF), 31.2 (CH3-DMF).
The preparation of single crystals: 2-chloropyridine-3-

carboxylic acid (0.0500 g, 0.3174 mmol) was dissolved in 3
mL of N,N′-dimethylformamide, sodium tetrachloropalladate-
(II) (0.0461 g, 0.1567 mmol) in 3 mL of distilled water, and
the two solutions were mixed. The resulting solution was left
to slowly evaporate at room temperature for 2 days. The
obtained yellow crystals, suitable for X-ray crystal structure
determination, were collected by filtration and dried in air.
Yield: 0.0570 g (57%, based on Na2PdCl4).
2.2.4. [PdCl2(2-BrnicH-N)2]·2DMF (4). A similar procedure

was employed as for the preparation of 3; 2-bromopyridine-3-
carboxylic acid (0.2006 g, 0.9930 mmol) and sodium
tetrachloropalladate(II) (0.1463 g, 0.4973 mmol) were used.
Yield: 0.2470 g (68%, based on Na2PdCl4). Anal. Calcd for
C18H22PdBr2Cl2N4O6: C, 29.72; H, 3.05; N, 7.70. Found: C,
29.62; H, 3.09; N, 7.76.
IR (KBr pellet, cm−1): 3504(m), 3434(w), 3393(w),

3069(w), 3004(w), 2972(w), 2927(w), 2785(w), 2627(w),
2507(w), 2258(w), 1928(w), 1719(s), 1640(m), 1585(s),
1484(w), 1410(m), 1372(m), 1291(s), 1162(w), 1127(w),
1097(m), 1059(w), 1013(w), 931(w), 868(w), 829(m),
766(m), 707(w), 682(m), 579(w), 561(w), 532(w), 481(w),
449(w), 408(w).

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.51 (d, 1H, J =
4.2 Hz, H6), 8.13 (d, 1H, J = 7.4 Hz, H4), 7.95 (s, 1H, CH-
DMF), 7.55 (dd, 1H, J = 7.4 and 4.8 Hz, H5), 2.89 (s, 3H,
CH3-DMF), 2.73 (s, 3H, CH3-DMF).

Table 1. Crystallographic Data for 1−4

compound 1 2 3 4

formula C12H18PdCl4Na2N2O10 C12H22PdBr4Na2N2O12 C18H22PdCl4N4O6 C18H22PdBr2Cl2N4O6

Mr 644.46 858.33 638.59 727.51
crystal system, space group triclinic, P1̅ (no. 2) triclinic, P1̅ (no. 2) triclinic, P1̅ (no. 2) monoclinic, P21/n (no. 14)
a (Å) 5.5372(4) 5.5727(3) 6.3841(5) 6.0561(2)
b (Å) 7.8913(4) 8.3432(5) 8.3491(6) 30.9525(11)
c (Å) 14.5355(6) 14.7679(6) 11.8775(9) 7.3207(3)
α (deg) 81.921(4) 91.411(4) 90.663(6) 90
β (deg) 79.484(4) 99.035(4) 99.561(6) 112.432(4)
γ (deg) 70.694(5) 107.763(5) 98.092(7) 90
V (Å3) 587.15(6) 643.85(6) 617.68(8) 1268.44(9)
Z 1 1 1 2
Dcalc (g cm−3) 1.823 2.214 1.717 1.905
μ (mm−1) 11.397 7.016 10.411 11.893
R [I ≥ 2σ(I)] 0.0336 0.0579 0.0698 0.0474
wR [all data] 0.0805 0.1808 0.1948 0.1224

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09497
ACS Omega 2024, 9, 4111−4122

4113

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


13C NMR (DMSO-d6, 100 MHz): δ (ppm) 166.9 (C7),
162.8 (CH-DMF), 152.4 (C6), 139.7 (C5), 139.2 (C2), 131.6
(C3), 123.6 (C4), 36.3 (CH3-DMF), 31.2 (CH3-DMF).
The single crystals were prepared as in the case of single

crystals of 3; 2-bromopyridine-3-carboxylic acid (0.0500 g,
0.2475 mmol) and sodium tetrachloropalladate(II) (0.0364 g,
0.1237 mmol) were used. Yield: 0.0434 g (48%, based on
Na2PdCl4).
2.3. X-ray Crystallographic Analysis. The suitable single

crystals of 1−4 were selected and mounted onto cryoloops.
The data collection was carried out on an Oxford Diffraction-
Rigaku Xcalibur Gemini E four-circle kappa geometry
diffractometer with Eos CCD detector, using graphite
monochromated Cu Kα (λ = 1.54184 Å) radiation for 1, 3,
and 4 or Mo Kα (λ = 0.71073 Å) radiation for 2 at room
temperature [296(2) K] and by applying the CrysAlis PRO
Software system.35 The data reduction and cell refinement
were performed by the CrysAlis PRO Software system.35 The
structures were solved by SHELXT-2018/236 and refined by
SHELXL-2018/3.37 The refinement procedure was done by
full-matrix least-squares methods based on F2 values against all
reflections. The figures were made with MERCURY (Version
2023.2.0).38 The crystallographic data for 1−4 are summarized
in Table 1.
2.4. Computational Details. Periodic density functional

theory (DFT) calculations were performed in CRYSTAL17.39

PBE functional40 were used and Grimme’s D3 correction41 was
included for a better description of the weak dispersive
interactions. Triple-zeta basis set pob-TZVP-rev2, adapted for
periodic calculations, was employed for all atoms.42 The input
files for CRYSTAL17 were created from CIF files with
cif2cell.43 Full optimization was performed with default
convergence criteria. Total energy convergence was set to
10−7 and truncation criteria for the calculations of Coulomb
and exchange integrals increased to (8 8 8 8 16) for SCF
calculations. Molecules were visualized in VESTA.44 Inter-
action energies Eint were calculated according to formula EA···B
− (EA + EB), where EA···B is the energy of a fully optimized unit
cell with both fragments A and B, and EA and EB are basis set
superposition error (BSSE) corrected single point energies of
individual fragments A and B with the same geometry and the
same arrangement of molecules as in the optimized unit cell.45

2.5. Antimicrobial Activity. The antibacterial in vitro
testing was performed on Escherichia coli ATCC 25922 and
Staphylococcus aureus ATCC 29213 as representatives of Gram-
negative and Gram-positive bacteria, respectively. Activity of
the compounds 1−4 was assessed using the 2-fold micro-
dilution method and performed in 96-well microtiter plates as
previously described.46 Briefly, overnight grown bacteria were
cultured in fresh Mueller Hinton broth to the mid exponential
phase. These were then added to serial dilutions of the
complexes (0.125−128 μg mL−1) to a final bacterial load of 5
× 105 CFU mL−1 in 100 μL per well. The suspension was
incubated at 37 °C for 18−20 h and minimum inhibitory
concentration (MIC) was taken as the lowest concentration of
the complex showing no visually detectable bacterial growth.
2.6. Antiproliferative Activity. The antiproliferative

activity of compounds 1−4 was investigated against the
human bladder cancer cell line T24 and human lung cancer
cell line A549. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Euroclone, Milano, Italy) in a
humidified incubator at 37 °C with 5% CO2. The complete
DMEM medium contained 10% fetal bovine serum (FBS,

Euroclone, Milano, Italy) and 1% antibiotics (penicillin and
streptomycin, Euroclone, Milano, Italy). The equal number of
cells (1 × 104) were transferred into 96 wells and left
overnight. Next day, the cells were treated with tested
compounds for 4, 24, 48, and 72 h at a concentration of 1,
5, 10, 50, and 100 μg mL−1. Three wells per plate were used as
a control and incubated in complete medium.
Cell proliferation was determined using MTT [3-(4,5-

dimethylthiazolid-2)-2,5-diphenyltetrazoline bromide] assay.
Yellow tetrazoline MTT is reduced in metabolically active
cells to the purple formazan. After 4, 24, 48, or 72 h of
incubation with the samples, MTT was added to all wells and
incubated for 2 h at 37 °C. Then, the medium with MTT was
removed and DMSO was added. The plates were incubated for
10 min at 37 °C with shaking. The absorbance was measured
at 570 nm with microplate photometer HiPo MPP-96 (Biosan,
Riga, Latvia). All measurements were carried out in triplicate
and the obtained results were expressed as percentage of
treated live cells over nontreated cells (control).
For statistical analyses, t-test with unequal variances was

performed using statistical software GraphPad Prism 8.0 (San
Diego, CA, USA) with the significance set at P < 0.5. The
calculation of IC50 values was performed with the GraphPad
Prism software version 8.0 (San Diego, CA, USA), normalizing
the data by three independent measurements of untreated
controls.

3. RESULTS AND DISCUSSION
3.1. Syntheses Aspects. The 2D heterometallic sodium−

palladium(II) coordination polymers, {[Na2(H2O)2(μ-
H2O)4PdCl2(μ-2-Clnic-N:O′)2]}n (1) and {[Na2(H2O)2(μ-
H2O)4PdBr2(μ-2-Brnic-N:O′)2]·2H2O}n (2), were prepared by
the reactions of sodium tetrachloropalladate(II), 2-chloroni-
cotinic (for 1) or 2-bromonicotinic (for 2) acid and sodium
bicarbonate (molar ratio 1:2:4) in aqueous solutions. The
palladium(II) monomers, PdCl2(2-ClnicH-N)2]·2DMF (3)
and [PdCl2(2-BrnicH-N)2]·2DMF (4), were prepared by the
reactions of sodium tetrachloropalladate(II) and 2-chloronico-
tinic (for 3) or 2-bromonicotinic (for 4) acid (molar ratio 1:2)
in DMF/water mixtures (1:1, V/V) (Scheme 1).

Scheme 1. Preparation of {[Na2(H2O)2(μ-H2O)4PdCl2(μ-2-
Clnic-N:O′)2]}n (1), {[Na2(H2O)2(μ-H2O)4PdBr2(μ-2-
Brnic-N:O′)2]·2H2O}n (2), [PdCl2(2-ClnicH-N)2]·2DMF
(3), and [PdCl2(2-BrnicH-N)2]·2DMF (4)
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3.2. Crystal Structures. As palladium(II) ions are placed
on an inversion center in both 1 and 2, the asymmetric unit of
1 is composed of a palladium(II) ion, a coordinated chloride
ion, a coordinated 2-chloronicotinate ion, a sodium ion, and
three coordinated water molecules (Figure 1a), while the
asymmetric unit of 2 is composed of a palladium(II) ion, a
coordinated bromide ion, a coordinated 2-bromonicotinate
ion, a sodium ion, three coordinated water molecules, and a
lattice water molecule (Figure 1b). The overlay of the
asymmetric units of 1 and 2 is shown in Figure 1c. Each of
the palladium(II) ions in 1 and 2 is coordinated with two
halide ions (Cl1 and Cl1iii in 1 or Br1 and Br2iii in 2) and two
pyridine N atoms (N1 and N1iii) in trans position (N1iii−
Pd1−N1, 180°; symmetry code (iii): −x + 1, −y + 1, −z + 1),
resulting in a square-planar coordination environment (Figure
1a,b and Table S1) with τ4 value47 of 0 for both 1 and 2. The
palladium(II) square-planar coordination environments are not
distorted, as the bond angles around palladium(II) ions have
almost ideal values (Table S1). Each of the sodium ions in 1
and 2 is octahedrally coordinated with four bridging water
molecules [O1, O1i (in 1) or O1iv (in 2), O3, and O3ii atoms;
symmetry codes (i): −x + 2, −y + 1, −z; (ii): −x + 1, −y + 1,
−z; (iv): −x, −y + 1, −z] and with the carboxylate O4 atom
and terminal water molecule (O2 atom) in cis position [O4−
Na1−O2, 113.1(1)° (in 1) or 117.0(3)° (in 2), Figure 1a,b
and Table S1]. The sodium coordination environments are
distorted due to the high number of bridging water molecules,
as indicated by trans [a range of 158.6(1)−166.2(1)° in 1 and
153.8(3)−168.1(3)° in 2] and cis pairs [a range of 79.5(1)−

113.1(1)° in 1 and 71.6(2)−117.0(3)° in 2] of ligating atoms
around sodium ions (Table S1). The square planes around
palladium(II) (defined by Cl1/N1/Cl1iii/N1iii atoms in 1 or
Br1/N1/Br1iii/N1iii atoms in 2) are almost perpendicular to
the corresponding pyridine rings defined by N1/C1/C2/C3/
C4/C5 atoms [87.5(2)° in 1 and 81.5(3)° in 2].
The 2-chloronicotinate and 2-bromonicotinate ligands both

act as N:O′-bridging between the adjacent palladium(II) and
sodium ions, binding to the palladium(II) ion via their pyridine
N atom and to the sodium ion via their carboxylate O atom.
The [PdCl2(2-Clnic)2]2− (in 1) or [PdBr2(2-Brnic)2]2− (in 2)
moieties and sodium ions are the main building units of the
coordination polymers 1 and 2, respectively (Figure 2a,b).
Each [PdCl2(2-Clnic)2]2− or [PdBr2(2-Brnic)2]2− moiety is
coordinated to two neighboring sodium ions, while each
sodium ion is connected to two neighboring sodium ions; to
each of them via two bridging water molecules [e.g., to the one
of the neighboring sodium ions via O1 and O1i (in 1) or O1iv
(in 2) atoms and to the other sodium ion via O3 and O3ii
atoms], resulting in the formation of the nearly perpendicular
four-membered rings [the ring Na1/O1/Na1i/O1i (in 1) or
Na1/O1/Na1iv/O1iv (in 2) being almost perpendicular to the
ring Na1/O3/Na1ii/O3ii; 79.2(1)° in 1 and 72.0(3)° in 2]. In
this way, the water-bridged sodium ions are connected into a
zigzag chain along the [100] direction. These symmetry-
related sodium zigzag chains are in turn bridged by [PdCl2(2-
Clnic)2]2− moieties along the [001] direction in 1 or by
[PdBr2(2-Brnic)2]2− moieties along the [−101] direction in 2,
leading to the formation of the infinite 2D coordination

Figure 1. ORTEP-style plots of {[Na2(H2O)2(μ-H2O)4PdCl2(μ-2-Clnic-N:O′)2]}n (1) (a) and {[Na2(H2O)2(μ-H2O)4PdBr2(μ-2-Brnic-N:O′)2]·
2H2O}n (2) (b) with the corresponding atomic numbering schemes [symmetry codes (i): −x + 2, −y + 1, −z; (ii): −x + 1, −y + 1, −z; (iii): −x +
1, −y + 1, −z + 1; (iv): −x, −y + 1, −z]. Thermal ellipsoids are drawn at the 50% probability level at 296(2) K and hydrogen atoms are shown as
spheres of arbitrary radii. Overlay (RMS value of 0.216 Å) of the asymmetric units of 1 (red) and 2 (blue); the lattice water molecule in 2 is
omitted. The Pd, Na, N, O, and halide atoms were chosen for the overlay (c).
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Figure 2. Infinite 2D coordination networks [parallel to the (010) plane] of {[Na2(H2O)2(μ-H2O)4PdCl2(μ-2-Clnic-N:O′)2]}n (1) (a) and
{[Na2(H2O)2(μ-H2O)4PdBr2(μ-2-Brnic-N:O′)2]·2H2O}n (2) (b); the water-bridged sodium ions are connected into a zigzag chain along the [100]
direction and these chains are in turn bridged by [PdCl2(2-Clnic)2]2− along the [001] direction in 1 (a) or by [PdBr2(2-Bnic)2]2− moieties along
the [−101] direction in 2 (b) (the lattice water molecules in 2 are not shown).

Figure 3. ORTEP-style plots of [PdCl2(2-ClnicH-N)2]·2DMF (3) (a) and [PdCl2(2-BrnicH-N)2]·2DMF (4) (b) with the corresponding atomic
numbering schemes of the asymmetric units. Thermal ellipsoids are drawn at the 50% probability level at 296(2) K and hydrogen atoms are shown
as spheres of arbitrary radii. Overlay (RMS value of 0.187 Å) of molecules of 3 (green) and 4 (orange); the lattice DMF molecules are omitted.
The Pd, N, and halide atoms were chosen for the overlay (c).
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networks of 1 or 2, parallel to the (010) plane. There are 32-
membered macrocyclic rings in the coordination networks of 1
and 2, formed between two parallel adjacent [PdCl2(2-
Clnic)2]2− or [PdBr2(2-Brnic)2]2− moieties and six water-
bridged sodium ions (Figure 2a,b), with the shortest distance
between the neighboring palladium(II) ions in this macrocyclic
ring of 5.537(2) Å for 1 and 5.573(2) Å for 2. The
coordination networks of 1 and 2 are stacked along the
[010] direction and connected in turn by intermolecular O−
H···O hydrogen bonds (Figures S17 and S18). These
hydrogen bonds are formed between water molecules as
proton donors and carboxylate O atoms as proton acceptors
(Table S2). The lattice water molecules in 2 are situated in
between the adjacent coordination networks, participating in
hydrogen bonding as both proton donors and acceptors
(Figure S18, Table S2) and giving rise to a more complex
hydrogen-bonded framework in 2, if compared to that in 1.
Since the palladium(II) ion is placed on an inversion center

in both 3 and 4, the asymmetric units of 3 and 4 are composed
of a palladium(II) ion, a coordinated chloride ion, a
coordinated 2-chloronicotinic (in 3) or a 2-bromonicotinic
acid molecule (in 4), and a lattice N,N′-dimethylformamide
molecule (Figure 3a,b). The overlay of the [PdCl2(2-
ClnicH)2] and [PdCl2(2-BrnicH)2] molecules is shown in
Figure 3c, with the lattice DMF molecules being omitted. Each
of the palladium(II) ions in 3 and 4 is coordinated with two
halide ions [Cl1 and Cl1ii (in 3) or Cl1iii (in 4)] and two
pyridine N atoms [N1 and N1ii (in 3) or N1iii (in 4)] in trans
position [N1−Pd1−N1ii, 180° (in 3) and N1−Pd1−N1iii,
180.0(2)° (in 4); symmetry codes (ii): −x + 1, −y + 1, −z and
(iii): −x + 1, −y + 1, −z + 1], resulting in a square-planar
coordination environment (Figure 3a,b and Table S1) with τ4
value47 of 0 for both 3 and 4. The palladium(II) square-planar
coordination environments are again not distorted (Table S1).
The square planes around palladium(II) (defined by Cl1/N1/
Cl1ii/N1ii atoms in 3 or Cl1/N1/Cl1iii/N1iii atoms in 4) are
almost perpendicular to the corresponding pyridine rings
defined by N1/C1/C2/C3/C4/C5 atoms [71.7(3)° in 3 and
88.1(2)° in 4]. Each [PdCl2(2-ClnicH)2] or [PdCl2(2-
BrnicH)2] molecule in the crystal packings of 3 and 4 (Figures
S19 and S20), respectively, is connected to two lattice DMF
molecules by intermolecular O−H···O hydrogen bonds. These
hydrogen bonds are formed between carboxylic O atoms as
proton donors and DMF O atoms as proton acceptors (Table

S2), giving rise to the discrete D1
1(14) hydrogen bond motif

(Figures S19 and S20). The resulting hydrogen-bonded
trimers in the crystal packing of 3 are held together only by
weak C−H···π interactions [formed between methyl C8 atom
and pyridine ring N1/C1/C2/C3/C4/C5 (Cg1); distance
C8···Cg1, 3.81(1) Å, angle C8−H8B···Cg1, 147°]. However,
the hydrogen-bonded trimers in the crystal packing of 4 are
held together by Cl···π interactions [formed between Cl1 atom
and pyridine ring N1/C1/C2/C3/C4/C5 (Cg1): distance
Cl1···Cg1 3.732(3) Å; angle Pd1−Cl1···Cg1, 162.85(8)°].
The complexes 3 and 4 are similar to the palladium(II)

complexes with nicotinic acid, [PdCl2(nicH)2]
48,49 and

[PdCl2(nicH)2]·2DMSO.49 These complexes contain
palladium(II) ions, each of them being coordinated with two
chloride ions and two nicotinic acid (nicH) molecules (bound
in an N-monodentate fashion) in trans position, but with or
without lattice DMSO molecules in the crystal packing.
Consequently, in the absence of solvent molecules, the
[PdCl2(nicH)2] molecules are connected into a 1D supra-
molecular zigzag chain via intermolecular O−H···O hydrogen
bonds between carboxylic groups and giving rise to the
anticipated R22(8) synthon,48,49 as opposed to the hydrogen
bonding in the crystal packings of 3 and 4. However, in the
presence of lattice DMSO molecules in the respective crystal
packing, the R22(8) synthon is disrupted by the presence of the
O−H···O hydrogen bonds between carboxylic groups and
DMSO molecules,49 similar to the H-bonding between
carboxylic groups and DMF molecules in the crystal packings
of 3 and 4.
The experimental PXRD traces of the bulks of compounds

1−4 overlap nicely with the corresponding calculated traces
from the single crystal diffraction data, indicating a phase
purity of the prepared coordination polymers 1 and 2 and
monomers 3 and 4 (Figure 4).
3.3. Thermal Studies. The thermal stability of the

compounds 1−4 was studied by TGA and DSC methods
(Figures S21−S24) in flowing nitrogen. Thermal degradation
of compounds begins, as expected, with solvent elimination
which starts for compounds 1 and 2 at temperatures slightly
above room temperature. The water elimination from the
structures of polymers 1 and 2 is characterized by three
endothermic signals on DSC curves (76.3, 90.5, and 114.7 °C
for 1, 69.9, 95.3, and 108.1 °C for 2). The first step on TGA
curves of 1 and 2 is connected with a mass loss of 11.87% (1)

Figure 4. Overlay of the experimental and calculated PXRD traces of {[Na2(H2O)2(μ-H2O)4PdCl2(μ-2-Clnic-N:O′)2]}n (1), {[Na2(H2O)2(μ-
H2O)4PdBr2(μ-2-Brnic-N:O′)2]·2H2O}n (2), [PdCl2(2-ClnicH-N)2]·2DMF (3), and [PdCl2(2-BrnicH-N)2]·2DMF (4).
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and 12.05% (2), and corresponds to the elimination of water
molecules. The observed discrepancy between calculated
(16.76% for 1, 16.78% for 2) and experimental values can be
explained by the partial decomposition of 1 and 2 (caused by
water molecules loss) due to the grinding during samples
preparation, which initiates the solvent loss from 1 and 2 prior
to the actual start of the respective TGA/DSC measurement.
The DSC curves of palladium(II) monomers 3 and 4 show

one endothermic signal (134.2 °C for 3 and 134.2 °C for 3)
due to the elimination of the lattice DMF molecules from the
crystal structures. The mass losses of 22.25% (calcd 22.88%)
and 18.61% (calcd 20.09%), observed at the TGA curve of 3
and 4, respectively, correspond to the elimination of two DMF
molecules. After elimination of solvent molecules, a continuous
thermal degradation of compounds 1−4 was observed. The
corresponding DSC curves reveal one exothermic and one
endothermic signal (1), one exothermic and two endothermic
signals (2), and one endothermic signal (3 and 4). The total
mass losses of 48.24% (1), 54.48% (2), 69.70% (3), and
73.45% (4) were observed at 1000 °C.
3.4. Computational Studies. As all 2-halonicotinate/2-

halonicotinic acid ligands were trans-coordinated to palladium-
(II) ions in 1−4, first we investigated the effect of trans vs cis
coordination on the stability of isolated palladium(II)
configurational stereoisomers. Trans arrangement of ligands
around palladium(II) was found to be more favorable by about
10 kJ mol−1 in [PdCl2(2-ClnicH)2] and 15 kJ mol−1 in
[PdBr2(2-BrnicH)2], thus confirming that different halogens
(Cl vs Br) do not change the preferred trans orientation around
palladium(II), but only slightly affect the equilibrium of these
two configurational stereoisomers (Figure 5).

A closer look at X-ray-determined crystal structures revealed
that [PdX2(2-Xnic)2]2− moieties are coordinated to sodium
ions via nicotinates in 1 (X = Cl) and 2 (X = Br), or [PdCl2(2-
XnicH)2] hydrogen-bonded to DMF via the nicotinic acid
carboxylic group in 3 and 4. In this way, the red-colored
regions of the zigzag chains of water-bridged sodium ions
separate green-colored regions of [PdX2(2-Xnic)2]2− moieties
in 1 and 2 (Figure 6a,b). In 4, regions containing water-
bridged sodium ions are substituted by DMF molecules
organized in a very similar fashion, while 3 has a different
arrangement of molecules where both regions are interweaved
(compare Figures S7 and S8), and thus structure 3 was

excluded from further calculations. To compare the interaction
strength between these red/green regions, we have calculated
the basis set superposition error (BSSE) corrected interaction
energies, Eint, by applying the very simple model, EA···B − (EA +
EB), where EA···B describes the energy of fully optimized unit
cell, and EA and EB are single point energies of individual
fragments with the same geometry and arrangement of
molecules as in the optimized unit cell. As expected, the
interactions between red/green fragments (Figure 6) are much
stronger for negatively charged [PdX2(2-Xnic)2]2− moieties
coordinated to positively charged sodium ions due to high
ion−ion attractions in 1 and 2, than for neutral [PdCl2(2-
BrnicH)2] molecules hydrogen-bonded to DMF in 4.
Next, we investigated the effect of the lattice water

molecules, found in the crystal structure of 2 but not of 1,
on the interactions between the zigzag chains. We have
calculated the Eint between the directly connected zigzag chains
(colored red and green in Figure 7a) in the experimentally
characterized 1 and in its hypothetical analog, in which Br
replaces Cl, labeled as 1Br. Because of the slightly larger Br, this
substitution increased the Pd···Pd distances (as shown in
Figure 7a) and simultaneously strengthened the interactions
between the zigzag chains for about 10 kJ mol−1. By including
the lattice water molecules between the solvated sodium ions
in 2 (and 2Cl), two zigzag chains became separated more than
they were in 1 (and 1Br), but now the interchain Pd···Pd
distance was independent of coordinated halogens (about 8.04
Å, as shown in Figure 3b). The introduction of lattice water
molecules resulted in stronger interactions between the three
fragments, both zigzag chains (colored red and green) and two
water molecules (colored blue). In both investigated systems,
without lattice water molecules (1 and 1Br) and with them (2
and 2Cl), interactions in Br-containing compounds were found
to be stronger. Although we did not experimentally confirm the
existence of 2Cl, which is suggested by the computational
study, a possible explanation can be found in the calculated
ΔEint values. The lattice water molecules make the interaction
energies more negative (for about 18 kJ mol−1) in case Br are
coordinated to palladium(II) and as a part of 2-halonicotinates.
The calculated Eint value (Figure S25) is the additional
evidence that the lattice water molecules keep the two zigzag
chains further apart in 2 (and 2Cl), compared to 1 (and 1Br),
weakening their direct interactions. If the water molecules had
not been included in Eint calculations of 2 (and 2Cl), we
obtained less negative values of Eint (weaker interaction) for
the almost identical arrangement of molecules as in 1 (and
1Cl).
3.5. Biological Activity. The antimicrobial activity of the

compounds 1−4 was assessed against reference strains of E.
coli and S. aureus. From the data, it can be concluded that the
compounds have very weak or no antibacterial activity, as the
MIC was higher than the highest compound concentration
used for testing (MIC > 128 μg mL−1).
The antiproliferative activity of the tested compounds 1−4

was determined on bladder and lung cancer cell lines, T24 and
A549, respectively. All compounds showed very weak or no
effect on both cell lines (Figures S26 and S27). The IC50 values
could not be determined for the majority of samples, except for
1 on A549 cell line (IC50 after 72 h was 69.65 μg mL−1).

4. CONCLUSIONS
We have shown that the heterometallic sodium−palladium(II)
coordination polymers 1 and 2 can be indeed prepared by

Figure 5. Optimized geometries and relative energies of trans and cis
isomers of [PdCl2(2-ClnicH)2] (a) and [PdBr2(2-BrnicH)2] (b).
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employing 2-halonicotinates as bridging ligands between
palladium(II) and sodium ions. The 2-halonicotinates
coordinate to palladium(II) ions via their N atoms in a
monodentate fashion and to sodium ions via their carboxylate
O atoms, leading to a square-planar coordination environment
around palladium(II) ions, completed with halide ions, as
anticipated. However, such palladium(II) coordination envi-
ronments in 1 and 2 are not the same as in the related
sodium− and potassium−palladium(II) coordination polymers
with pyridine-2,6-dicarboxylate32 and pyridine-2,3-dicarboxy-
late,33 respectively, because of the pyridinedicarboxylates N,O-
bidentate coordination mode. Furthermore, the coordination
polymers 1 and 2 can be formed only in the aqueous solution
in the presence of the base (sodium bicarbonate), as the
deprotonation of the carboxylic groups and presence of
carboxylate is crucial for their formation. The carboxylate O
atoms are able to coordinate to sodium ions leading to the
formation of 2D coordination networks. On the contrary, the
carboxylic groups are not deprotonated in the DMF/water
mixture. Hence, the carboxylic O atoms cannot coordinate to
sodium ions, leading to the formation of simple palladium(II)
monomers 3 and 4, which are further stabilized by O−H···O

hydrogen bonds between carboxylic groups and DMF
molecules. According to DFT calculations, the 2D coordina-
tion networks 1 and 2 are way more stabilized by the formation
of Na−Ocarboxylate bonds, comparing to the stabilization of
palladium(II) monomers 3 and 4 offered by O−H···O
hydrogen-bonding with DMF molecules. Furthermore, we
have shown that the choice of halosubstituents (Cl or Br) in
the position 2- on the pyridine ring does not have any
influence on either formation or dimensionality of the obtained
coordination polymers. The analogous 2D polymers were
obtained by employing either 2-choronicotinate or 2-
bromonicotonate, but only in water solution in the presence
of the base. Also, the halosubstituents type definitely does not
have any influence on the formation of either trans or cis
arrangement around palladium(II) ions, as the trans isomers
were exclusively found in all reported coordination polymers
and monomers (being more stable for about 10 to 15 kJ
mol−1). Finally, the difference in DFT calculated energy
stabilization for polymers 1 and 2 should be ascribed to the
type of halosubstituents and to the presence/absence of lattice
water molecules in polymers 1 and 2.

Figure 6. BSSE-corrected interaction energies (PBE-D3/pob-TZVP-rev2) per unit cell [and per one palladium(II) center in 4*] calculated
between [PdX2(2-Xnic)2]2− moieties (red) and water-bridged sodium ions regions (green) in 1 (a) and 2 (b), and between [PdCl2(2-BrnicH)2]
(red) and lattice DMF molecules (green) in 4 (c).
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